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POWER INDUCTOR WITH REDUCED DC CURRENT SATURATION 

FIELD OF THE INVENTION 
[0001] The present invention relates to inductors, and more particularly 
to power inductors having magnetic core materials with reduced levels of 
saturation when operating with high DC currents and at high operating 
frequencies. 

BACKGROUND OF THE INVENTION 

[0002] Inductors are circuit elements that operate based on magnetic 

fields. The source of the magnetic field is charge that is in motion, or current. If 

current varies with time, the magnetic field that is induced also varies with time. 

A time-varying magnetic field induces a voltage in any conductor that is linked by 

the magnetic field. If the current is constant, the voltage across an ideal inductor 

is zero. Therefore, the inductor looks like a short circuit to a constant or DC 

current. In the inductor, the voltage is given by: 

T di 
v = L — . 
dt 

Therefore, there cannot be an instantaneous change of current in the inductor. 

[0003] Inductors can be used in a wide variety of circuits. Power 
inductors receive a relatively high DC current, for example up to about 100 
Amps, and may operate at relatively high frequencies. For example and referring 
now to FIG. 1 , a power inductor 20 may be used in a DC/DC converter 24, which 
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typically employs inversion and/or rectification to transform DC at one voltage to 
DC at another voltage. 

[0004] Referring now to FIG. 2, the power inductor 20 typically includes 
one or more turns of a conductor 30 that pass through a magnetic core material 
34. For example, the magnetic core material 34 may have a square outer cross- 
section 36 and a square central cavity 38 that extends the length of the magnetic 
core material 34. The conductor 30 passes through the central cavity 38. The 
relatively high levels of DC current that flow through the conductor 30 tend to 
cause the magnetic core material 34 to saturate, which reduces the performance 
of the power inductor 20 and the device incorporating it. 

SUMMARY OF THE INVENTION 

[0005] A power inductor according to the present invention includes a 
magnetic core material having first and second ends. An inner cavity in the 
magnetic core material extends from the first end to the second end. A 
conductor passes through the cavity. A slotted air gap in the magnetic core 
material extends from the first end to the second end. 

[0006] In other features, the power inductor is implemented in a DC/DC 
converter. The slotted air gap is arranged in the magnetic core material in a 
direction that is parallel to the conductor. An eddy current reducing material that 
reduces magnetic flux reaching the conductor is arranged adjacent to inner 
and/or outer openings of the slotted air gap. The conductor is arranged in the 



N:\MP0388\APP_MP0388_7_15_03_eb(.doc2 
Express Mail Label No. EL741090795US 23624 



PATENT TRADEMARK OFFICE 



Marvell Ref. No. MP0388 PATENT 

cavity along a first side of the magnetic core material. The slotted air gap is 
arranged in a second side of the magnetic core material that is opposite the first 
side. The conductor passes through the cavity along a first side of the magnetic 
core material. The slotted air gap is arranged in a second side that is adjacent to 
the first side. 

[0007] In still other features, a second conductor passes through the 
cavity along the first side. A projection of the magnetic core material extends 
outwardly from the first side between the conductor and the second conductor. 
The slotted air gap is arranged in the opposite side of the magnetic core material 
above the projection. 

[0008] In still other features, a second cavity is arranged in the 
magnetic core material. A center section of the magnetic core material is located 
between the cavity and the second cavity. A second conductor passes through 
the second cavity adjacent to the first side. A second slotted air gap is arranged 
in a third side that is opposite to the second side. 

[0009] In yet other features, a second cavity is arranged in the 
magnetic core material. A center "T"-shaped section is arranged in the magnetic 
core material between the cavity and the second cavity. A second conductor 
passes through the second cavity adjacent to the first side. The first conductor is 
arranged adjacent to the first side. 

[0010] In still other features, the slotted air gap is arranged in a second 
side that is opposite the first side on one side of the center "T"-shaped section. A 
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second slotted air gap is arranged in the second side that is opposite the first 
side on an opposite side of the center "T"-shaped section. The slotted air gap is 
arranged in a second side of the magnetic core material that is adjacent to the 
first. A second slotted air gap is arranged in a third side that is opposite the 
second side. 

[0011] In still other features, the eddy current reducing material has a 
magnetic permeability that is lower than the magnetic core material. The eddy 
current reducing material includes a soft magnetic material. 

[0012] Further areas of applicability of the present invention will 
become apparent from the detailed description provided hereinafter. It should be 
understood that the detailed description and specific examples, while indicating 
the preferred embodiment of the invention, are intended for purposes of 
illustration only and are not intended to limit the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0013] The present invention will become more fully understood from 

the detailed description and the accompanying drawings, wherein: 

[0014] FIG. 1 is a functional block diagram and electrical schematic of 

a power inductor implemented in an exemplary DC/DC converter according to 

the prior art; 

[0015] FIG. 2 is a perspective view showing the power inductor of FIG. 
1 according to the prior art; 
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[0016] FIG. 3 is a cross sectional view showing the power inductor of 
FIGs. 1 and 2 according to the prior art; 

[0017] FIG. 4 is a perspective view showing a power inductor with a 
slotted air gap arranged in the magnetic core material according to the present 
invention; 

[0018] FIG. 5 is a cross sectional view of the power inductor of FIG. 4; 

[0019] FIGs. 6A and 6B are cross sectional views showing alternate 
embodiments with an eddy current reducing material that is arranged adjacent to 
the slotted air gap; 

[0020] FIG. 7 is a cross sectional view showing an alternate 
embodiment with additional space between the slotted air gap and a top of the 
conductor; 

[0021] FIG. 8 is a cross sectional view of a magnetic core with multiple 
cavities each with a slotted air gap; 

[0022] FIGs. 9A and 9B are cross sectional views of FIG. 8 with an 
eddy current reducing material arranged adjacent to one or both of the slotted air 
gaps; 

[0023] FIG. 10A is a cross sectional view showing an alternate side 
location for the slotted air gap; 

[0024] FIG. 10B is a cross sectional view showing an alternate side 
location for the slotted air gap; 
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[0025] FIGs. 1 1 A and 1 1 B are cross sectional views of a magnetic core 
with multiple cavities each with a side slotted air gap; 

[0026] FIG. 12 is a cross sectional view of a magnetic core with 
multiple cavities and a central slotted air gap; 

[0027] FIG. 13 is a cross sectional view of a magnetic core with 
multiple cavities and a wider central slotted air gap; 

[0028] FIG. 14 is a cross sectional view of a magnetic core with 
multiple cavities, a central slotted air gap and a material having a lower 
permability arranged between adjacent conductors; 

[0029] FIG. 15 is a cross sectional view of a magnetic core with 
multiple cavities and a central slotted air gap; 

[0030] FIG. 16 is a cross sectional view of a magnetic core material 
with a slotted air gap and one or more insulated conductors; 

[0031] FIG. 17 is a cross sectional view of a "C"-shaped magnetic core 
material and an eddy current reducing material; 

[0032] FIG. 18 is a cross sectional view of a "C"-shaped magnetic core 
material and an eddy current reducing material with a mating projection; and 

[0033] FIG. 19 is a cross sectional view of a "C"-shaped magnetic core 
material with multiple cavities and an eddy current reducing material. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0034] The following description of the preferred embodiment(s) is 
merely exemplary in nature and is in no way intended to limit the invention, its 
application, or uses. For purposes of clarity, the same reference numbers will be 
used in the drawings to identify the same elements. 

[0035] Referring now to FIG. 4, a power inductor 50 includes a 
conductor 54 that passes through a magnetic core material 58. For example, the 
magnetic core material 58 may have a square outer cross-section 60 and a 
square central cavity 64 that extends the length of the magnetic core material. 
The conductor 54 may also have a square cross section. While the square outer 
cross section 60, the square central cavity 64, and the conductor 54 are shown, 
skilled artisans will appreciate that other shapes may be employed. The cross 
sections of the square outer cross section 60, the square central cavity 64, and 
the conductor 54 need not have the same shape. The conductor 54 passes 
through the central cavity 64 along one side of the cavity 64. The relatively high 
levels of DC current that flow through the conductor 30 tend to cause the 
magnetic core material 34 to saturate, which reduces performance of the power 
inductor and/or the device incorporating it. 

[0036] According to the present invention, the magnetic core material 
58 includes a slotted air gap 70 that runs lengthwise along the magnetic core 
material 58. The slotted air gap 70 runs in a direction that is parallel to the 
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conductor 54. The slotted air gap 70 reduces the likelihood of saturation in the 
magnetic core material 58 for a given DC current level. 

[0037] Referring now to FIG. 5, magnetic flux 80-1 and 80-2 
(collectively referred to as flux 80) is created by the slotted air gap 70. Magnetic 
flux 80-2 projects towards the conductor 54 and induces eddy currents in the 
conductor 54. In a preferred embodiment, a sufficient distance "D" is defined 
between the conductor 54 and a bottom of the slotted air gap 70 such that the 
magnetic flux is substantially reduced. In one exemplary embodiment, the 
distance D is related to the current flowing through the conductor, a width "W" 
that is defined by the slotted air gap 70, and a desired maximum acceptable eddy 
current that can be induced in the conductor 54. 

[0038] Referring now to FIGs. 6A and 6B, a eddy current reducing 
material 84 can be arranged adjacent to the slotted air gap 70. The eddy current 
reducing material has a lower magnetic permeability than the magnetic core 
material and a higher permability than air. As a result, more magnetic flux flows 
through the material 84 than air. For example, the magnetic insulating material 
84 can be a soft magnetic material, a powdered metal, or any other suitable 
material. In FIG. 6A, the eddy current reducing material 84 extends across a 
bottom opening of the slotted air gap 70. 

[0039] In FIG. 6B, the eddy current reducing material 84' extends 
across an outer opening of the slotted air gap. Since the eddy current reducing 
material 84' has a lower magnetic permeability than the magnetic core material 
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and a higher magnetic permeability than air, more flux flows through the eddy 
current reducing material than the air. Thus, less of the magnetic flux that is 
generated by the slotted air gap reaches the conductor. 

[0040] For example, the eddy current reducing material 84 can have a 
relative permeability of 9 while air in the air gap has a relative permeability of 1 . 
As a result, approximately 90% of the magnetic flux flows through the material 84 
and approximately 10% of the magnetic flux flows through the air. As a result, 
the magnetic flux reaching the conductor is significantly reduced, which reduces 
induced eddy currents in the conductor. As can be appreciated, other materials 
having other permeability values can be used. Referring now to FIG. 7, a 
distance "D2" between a bottom the slotted air gap and a top of the conductor 54 
can also be increased to reduce the magnitude of eddy currents that are induced 
in the conductor 54. 

[0041] Referring now to FIG. 8, a power inductor 100 includes a 
magnetic core material 104 that defines first and second cavities 108 and 110. 
First and second conductors 112 and 114 are arranged in the first and second 
cavities 108 and 110, respectively. First and second slotted air gaps 120 and 
122 are arranged in the magnetic core material 104 on a side that is across from 
the conductors 112 and 114, respectively. The first and second slotted air gaps 
120 and 122 reduce saturation of the magnetic core material 104. In one 
embodiment, mutual coupling M is in the range of 0.5. 
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[0042] Referring now to FIGs. 9A and 9B, an eddy current reducing 
material is arranged adjacent to one or more of the slotted air gaps 1 20 and/or 
122 to reduce magnetic flux caused by the slotted air gaps, which reduces 
induced eddy currents. In FIG. 9A, the eddy current reducing material 84 is 
located adjacent to a bottom opening of the slotted air gaps 120. In FIG. 9B, the 
eddy current reducing material is located adjacent to a top opening of both of the 
slotted air gaps 120 and 122. As can be appreciated, the eddy current reducing 
material can be located adjacent to one or both of the slotted air gaps. "T"- 
shaped central section 123 of the magnetic core material separates the first and 
second cavities 1 08 and 110. 

[0043] The slotted air gap can be located in various other positions. 
For example and referring now to FIG. 10A, a slotted air gap 70' can be arranged 
on one of the sides of the magnetic core material 58. A bottom edge of the 
slotted air gap 70' is preferably but not necessarily arranged above a top surface 
of the conductor 54. As can be seen, the magnetic flux radiates inwardly. Since 
the slotted air gap 70' is arranged above the conductor 54, the magnetic flux has 
a reduced impact. As can be appreciated, the eddy current reducing material 
can arranged adjacent to the slotted air gap 70' to further reduce the magnetic 
flux as shown in FIGs. 6A and/or 6B. In FIG. 10B, the eddy current reducing 
material 84' is located adjacent to an outer opening of the slotted air gap 70'. 
The eddy current reducing material 84 can be located inside of the magnetic core 
material 58 as well. 
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[0044] Referring now to FIGs. 1 1 A and 11B, a power inductor 123 
includes a magnetic core material 124 that defines first and second cavities 126 
and 128, which are separated by a central portion 129. First and second 
conductors 130 and 132 are arranged in the first and second cavities 126 and 
128, respectively, adjacent to one side. First and second slotted air gaps 138 
and 140 are arranged in opposite sides of the magnetic core material adjacent to 
one side with the conductors 130 and 132. The slotted air gaps 138 and/or 140 
can be aligned with an inner edge 141 of the magnetic core material 124 as 
shown in FIG. 1 1B or spaced from the inner edge 141 as shown in FIG. 1 1A. As 
can be appreciated, the eddy current reducing material can be used to further 
reduce the magnetic flux emanating from one or both of the slotted air gaps as 
shown in FIGs. 6A and/or 6B. 

[0045] Referring now to FIGs. 12 and 13, a power inductor 142 
includes a magnetic core material 144 that defines first and second connected 
cavities 146 and 148. First and second conductors 150 and 152 are arranged in 
the first and second cavities 146 and 148, respectively. A projection 154 of the 
magnetic core material 144 extends upwardly from a bottom side of the magnetic 
core material between the conductors 150 and 152. The projection 154 extends 
partially but not fully towards to a top side. In a preferred embodiment, the 
projection 154 has a projection length that is greater than a height of the 
conductors 150 and 154. As can be appreciated, the projection 154 can afso be 
made of a material having a lower permability than the magnetic core and a 
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higher permability than air as shown at 170 in FIG. 14. Alternately, both the 
projection and the magnetic core material can be removed as shown in FIG. 15. 
In this embodiment, the mutual coupling M is approximately equal to 1 . 

[0046] In FIG. 12, a slotted air gap 156 is arranged in the magnetic 
core material 144 in a location that is above the projection 154. The slotted air 
gap 156 has a width W1 that is less than a width W2 of the projection 154. In 
FIG. 13, a slotted air gap 156' is arranged in the magnetic core material in a 
location that is above the projection 154. The slotted air gap 156 has a width W3 
that is greater than or equal to a width W2 of the projection 1 54. As can be 
appreciated, the eddy current reducing material can be used to further reduce the 
magnetic flux emanating from the slotted air gaps 156 and/or 156' as shown in 
FIGs. 6A and/or 6B. In some implementations of FIGs. 12-14, mutual coupling M 
is in the range of 1 . 

[0047] Referring now to FIG. 16, a power inductor 170 is shown and 
includes a magnetic core material 1 72 that defines a cavity 1 74. A slotted air gap 
175 is formed in one side of the magnetic core material 172. One or more 
insulated conductors 176 and 178 pass through the cavity 174. The insulated 
conductors 176 and 178 include an outer layer 182 surrounding an inner 
conductor 184. The outer layer 182 has a higher permability than air and lower 
than the magnetic core material. The outer material 182 significantly reduces the 
magnetic flux caused by the slotted air gap and reduces eddy currents that would 
otherwise be induced in the conductors 184. 
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[0048] Referring now to FIG. 17, a power inductor 180 includes a 
conductor 184 and a "C"-shaped magnetic core material 188 that defines a cavity 
190. A slotted air gap 192 is located on one side of the magnetic core material 
188. The conductor 184 passes through the cavity 190. An eddy current 
reducing material 84' is located across the slotted air gap 192. In FIG. 18, the 
eddy current reducing material 84' includes a projection 194 that extends into the 
slotted air gap and that mates with the opening that is defined by the slotted air 
gap 1 92. 

[0049] Referring now to FIG. 19, the power inductor 200 a magnetic 
core material that defines first and second cavities 206 and 208. First and 
second conductors 210 and 212 pass through the first and second cavities 206 
and 208, respectively. A center section 218 is located between the first and 
second cavities. As can be appreciated, the center section 218 may be made of 
the magnetic core material and/or an eddy current reducing material. Alternately, 
the conductors may include an outer layer 182. 

[0050] The conductors may be made of copper, although gold, 
aluminum, and/or other suitable conducting materials having a low resistance 
may be used. The magnetic core material can be Ferrite although other 
magnetic core materials having a high magnetic permeability and a high 
electrical resistivity can be used. As used herein, Ferrite refers to any of several 
magnetic substances that include ferric oxide combined with the oxides of one or 
more metals such as manganese, nickel, and/or zinc. If Ferrite is employed, the 
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slotted air gap can be cut with a diamond cutting blade or other suitable 
technique. 

[0051] While some of the power inductors that are shown have one 
turn, skilled artisans will appreciate that additional turns may be employed. While 
some of the embodiments only show a magnetic core material with one or two 
cavities each with one or two conductors, additional conductors may be 
employed in each cavity and/or additional cavities and conductors may be 
employed without departing from the invention. While the shape of the cross 
section of the inductor has be shown as square, other suitable shapes, such as 
rectangular, circular, oval, elliptical and the like are also contemplated. 

[0052] The power inductor in accordance with the present 
embodiments preferably has the capacity to handle up to 100 Amps (A) of DC 
current and has an inductance of 500 nH or less. For example, a typical 
inductance value of 50 nH is used. While the present invention has been 
illustrated in conjunction with DC/DC converters, skilled artisans will appreciate 
that the power inductor can be used in a wide variety of other applications. 

[0053] Those skilled in the art can now appreciate from the foregoing 
description that the broad teachings of the present invention can be implemented 
in a variety of forms. Therefore, while this invention has been described in 
connection with particular examples thereof, the true scope of the invention 
should not be so limited since other modifications will become apparent to the 
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skilled practitioner upon a study of the 
following claims. 



PATENT 

drawings, the specification and the 
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